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ABSTRACT
We compare three major large-scale hydrodynamical galaxy simulations (EAGLE, Illustris-TNG, and
SIMBA) by forward modeling simulated galaxies into observational space and computing the fraction of
isolated and quiescent low mass galaxies as a function of stellar mass. Using SDSS as our observational
template, we create mock surveys and synthetic spectroscopic and photometric observations of each
simulation, adding realistic noise and observational limits. All three simulations show a decrease in
the number of quiescent, isolated galaxies in the mass range M∗ = 109−10 M, in broad agreement
with observations. However, even after accounting for observational and selection biases, none of the
simulations reproduce the observed absence of quiescent field galaxies below M∗ = 109 M. We find
that the low mass quiescent populations selected via synthetic observations have consistent quenching
timescales, despite apparent variation in the late time star formation histories. The effect of increased
numerical resolution is not uniform across simulations and cannot fully mitigate the differences between
the simulations and the observations. The framework presented here demonstrates a path towards more
robust and accurate comparisons between theoretical simulations and galaxy survey observations, while
the quenching threshold serves as a sensitive probe of feedback implementations.
Keywords: Galaxy quenching – Astronomical simulations – Dwarf galaxies – Galaxy evolution
1. INTRODUCTION
Corresponding author: Claire Dickey
claire.dickey@yale.edu
The transition of galaxies from star-forming into qui-
escence provides key insights into the physical processes
that drive galaxy evolution. Major extragalactic surveys
like the Sloan Digital Sky Survey (SDSS, York et al.
2000) have been instrumental in quantifying the differ-
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ing properties of galaxies in these two categories, in-
cluding morphology, environment, and color (e.g., Blan-
ton et al. 2003; Kauffmann et al. 2003; Brinchmann
et al. 2004; Blanton & Moustakas 2009; Moustakas et al.
2013). The processes that drive a galaxy’s transforma-
tion can be broadly divided into two categories: external
processes which occur in high-density environments and
processes internal to the galaxy which are often thought
to be correlated to galaxy mass (e.g., Peng et al. 2010).
Understanding how and when feedback mechanisms
operate within galaxies and in which regimes they are
most effective remains a major focus of both observa-
tional and theoretical studies of galaxy evolution. Ob-
servational galaxy surveys have been used to character-
ize the populations of quiescent and star forming galax-
ies as a function of stellar mass (Kauffmann et al. 2004;
Geha et al. 2012), environment (Wetzel et al. 2012), and
redshift (Brammer et al. 2009); as well as key correla-
tions between galaxy properties (e.g., the star forming
sequence; Daddi et al. 2007; Noeske et al. 2007; Salim
et al. 2007; Elbaz et al. 2007) which inform our under-
standing of the underlying forces that drive galaxy evo-
lution.
Large-scale cosmological hydrodynamic galaxy forma-
tion simulations reproduce the observed universe in a
qualitative manner (Genel et al. 2014; Vogelsberger et al.
2014; Schaye et al. 2015; Dave´ et al. 2017; Pillepich et al.
2018a; Dave´ et al. 2019). Each simulation uses a distinct
set of approximations for the complex physics of under-
lying galaxy evolution, including star formation, heating
and cooling of gas, black hole formation and growth,
feedback from active galactic nuclei (AGN), and stellar
feedback (for an overview see Somerville & Dave´ 2015;
Vogelsberger et al. 2020). While it has been shown that
many different subgrid models can produce relatively
consistent pictures of galaxy evolution (Naab & Os-
triker 2017), the variations between simulations present
a unique opportunity to explore how feedback mecha-
nisms shape galaxy evolution.
Many studies have focused on comparing the simu-
lated distributions of quantities such as galaxy masses,
colors, or star-formation rates to observations (e.g.,
Genel et al. 2014; Torrey et al. 2014; Vogelsberger et al.
2014; Schaye et al. 2015; Somerville & Dave´ 2015; Sparre
et al. 2015; Dave´ et al. 2017; Pillepich et al. 2018a; Nel-
son et al. 2018; Trayford et al. 2017; Donnari et al.
2019, 2020a,b). These works primarily focus on com-
paring a singular simulation to a particular set of ob-
servations. Studies using multiple simulations require
the careful construction of a consistent framework for
inter-simulation comparison.
In the observed universe, the quiescent fraction for
isolated galaxies is zero at M∗ < 109 M (Geha et al.
2012) in the SDSS volume, suggesting that feedback in
this mass regime is highly sensitive to stellar mass. Most
studies of feedback in low mass galaxies have focused
on environmental quenching, either in the context of
high density environments such as clusters or interac-
tions with a Milky Way-like host galaxy (e.g., Filling-
ham et al. 2018; Sales et al. 2015; Wetzel et al. 2013,
2015).
Internal feedback may influence galaxy evolution
down to M∗ ∼ 109 M, via either AGN (Dickey et al.
2019; Koudmani et al. 2019; Penny et al. 2018) or stellar
feedback (El-Badry et al. 2016). However, the efficiency
and interplay of different feedback mechanisms below
this mass limit remains uncertain. Large-scale hydro-
dynamic simulations present a unique opportunity to
create an “observed” magnitude limited galaxy survey
and explore how different subgrid feedback implemen-
tations shape the distribution.
The IQ (Isolated & Quiescent) Collaboratory1 aims to
bridge the gap between simulations and observations of
star-forming and quiescent galaxies to better character-
ize internal quenching processes. In Hahn et al. (2019,
Paper I), we began the process of comparing the star
forming sequence across a set of simulations.
Our initial analysis in Paper I highlighted the large
variation in the apparent quiescent populations of each
simulation, but we did not make a direct comparison be-
tween simulations and observations. In that work, the
star formation rates from the simulations are obtained
“directly” from the simulation output, as opposed to
being derived from “observables” like Hα- or UV+IR-
derived star formation rates, or indices such as the Hα
equivalent width (EW) and Dn4000, an index that mea-
sures the strength of the 4000A˚ break and loosely traces
stellar age. Moreover, even within observational results,
selecting different tracers for e.g., SFRs can give rise to
significant variation (e.g., Salim et al. 2007; Kennicutt &
Evans 2012; Speagle et al. 2014; Flores Vela´zquez et al.
2020; Katsianis et al. 2020)
In addition to deriving galaxy observables from a sim-
ulation, fully transforming a simulated volume into a
true observational analogue requires the careful creation
of complete, volume-corrected samples. This is partic-
ularly challenging when we are trying to reproduce ob-
servations comparing star forming and quiescent popu-
lations, which often suffer from differing levels of incom-
pleteness within the same survey.
1 https://iqcollaboratory.github.io/
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Our goal in this work is to create an “apples-to-apples”
comparison of the quiescent fraction of isolated low mass
(M∗ < 1010 M) galaxies as a function of stellar mass,
using observations of the local universe and a set of sim-
ulations, all of which produce realistic cosmological vol-
umes using distinct implementations of subgrid physics.
We focus our study on a selection of three major cos-
mological hydrodynamic simulations (EAGLE, Illustris-
TNG, and SIMBA) and compare them to the observed
population of low mass quiescent galaxies in the Sloan
Digital Sky Survey (SDSS).
In Section 2, we present the simulations used in this
work and in Section 3 we discuss the observations which
serve as our point of comparison. In Section 4, we create
mock observations from each simulation, including syn-
thetic spectra, realistic noise, and SDSS-like incomplete-
ness. Section 5 compares the “observed” simulations to
the distribution of low mass quiescent galaxies in SDSS.
In Section 7 we explore the star formation histories of
quiescent galaxies in the simulations and we review our
findings in Section 8.
2. GALAXY FORMATION SIMULATIONS
In this work, we focus on three large-scale hydrody-
namic cosmological simulations (EAGLE, Illustris-TNG,
and SIMBA), which we will compare to observations.
We provide brief descriptions of each simulation below.
2.1. EAGLE
The Virgo Consortium’s Evolution and Assembly of
GaLaxies and their Environment (EAGLE) project2
(Schaye et al. 2015; Crain et al. 2015; McAlpine et al.
2016) has a volume of (100 Mpc)3 (co-moving), with
dark matter and baryonic particle masses of 9.6×106 M
and 1.8 × 106 M. The simulation uses ANARCHY
(Dalla Vecchia, in prep.), a modified version of the Gad-
get3 N-body SPH code (Springel et al. 2001b; Springel
2005; Schaller et al. 2015). The subgrid model for feed-
back from massive stars and AGN is based on thermal
energy injection in the interstellar medium (Dalla Vec-
chia & Schaye 2012). The subgrid parameters were cali-
brated to reproduce the z = 0 stellar mass function and
galaxy sizes.
Previous works that have reproduced observables and
examined the quenched population of the EAGLE simu-
lation include Schaye et al. (2015), Furlong et al. (2015),
Trayford et al. (2015) and Trayford et al. (2017), and the
galaxy–black hole relations are discussed in McAlpine
et al. (2017, 2018); Bower et al. (2017); Habouzit et al.
(2020). Trcˇka et al. (2020) show that mock spectral
2 https://icc.dur.ac.uk/Eagle/
energy distributions (see Camps et al. 2018 for public
release of the SEDs) based on EAGLE galaxies and ra-
diative transfer calculations using skirt (Baes et al.
2011) are in overall agreement with observed galaxy
spectra, and highlight the need for consistent compar-
isons between simulations and observations. Trayford
et al. (2017) used the same results of the skirt radiative
transfer code to determine quenched fractions based on
mock UVJ colors, along with the distribution of Hα flux
and Dn4000. They found that the passive fraction varies
significantly depending on the definition of quenched.
We will compare our results to previous conclusions in
§ 6.1.1.
2.2. Illustris-TNG
The Next Generation Illustris project (IllustrisTNG
or TNG)3 (Marinacci et al. 2018; Naiman et al. 2018;
Nelson et al. 2018; Pillepich et al. 2018a; Springel et al.
2018) is the successor to the original Illustris project
(Genel et al. 2014; Vogelsberger et al. 2014), with sig-
nificant updates in the subgrid models and physics in-
cluded in the simulation. We use the TNG100 simu-
lation, which has a volume of (110.7 Mpc)3, and dark
matter and baryonic mass resolutions of 7.6 × 106 M
and 1.4 × 106 M. TNG is run using the AREPO
moving-mesh code (Springel 2010), which is based on
the Gadget code (Springel et al. 2001b; Springel 2005).
Adjustments in the TNG model include the addition of
magneto-hydrodynamics, updated stellar feedback pre-
scriptions, and the transition from thermal “bubbles”
in the IGM to a BH-driven kinetic wind for the low-
accretion-rate black hole feedback mode (Pillepich et al.
2018b; Weinberger et al. 2017).
The color bimodality of low-redshift galaxies is shown
to compare well to SDSS (Nelson et al. 2018). Other
papers describe the size evolution of quiescent galaxies
(Genel et al. 2018), and correlations between galaxy
properties and super massive black holes and AGN
feedback (Weinberger et al. 2018; Habouzit et al.
2019; Terrazas et al. 2020; Davies et al. 2020; Li
et al. 2019; Habouzit et al. 2020). Donnari et al.
(2019) show quenched fractions based on UVJ selec-
tion and the star forming sequence, and compare these
to UVJ-selected observed quenched fractions from COS-
MOS/UltraVISTA (Muzzin et al. 2013). Donnari et al.
(2020a) and Donnari et al. (2020b) explore the quenched
fraction derived using star formation rates and distances
from the galaxy star-forming sequence. Donnari et al.
(2020a) in particular explores how systematic uncer-
3 https://www.tng-project.org/
4 Dickey et al.
tainties effect a single set of observations, which we will
further discuss in § 6.1.2.
2.3. SIMBA
SIMBA (Dave´ et al. 2019) is a suite of cosmological
simulations built on the GIZMO meshless finite mass hy-
drodynamics code (Hopkins 2015, 2017), also based on
the Gadget code (Springel et al. 2001b; Springel 2005),
and forms the next generation of the MUFASA (Dave´
et al. 2016) simulations with novel black hole growth
and feedback sub-grid models. The fiducial run has a
volume of (143 Mpc)3 and dark matter and baryonic
mass resolutions of 9.6 × 107 M and 1.8 × 107 M,
respectively.
SIMBA includes a model for on-the-fly dust produc-
tion and destruction (broadly following McKinnon et al.
2017), and star formation is regulated with two-phase
kinetic outflows, which were tuned to predictions from
the Feedback in Realistic Environments (FIRE) simula-
tions (Hopkins et al. 2014; Muratov et al. 2015; Angle´s-
Alca´zar et al. 2017b; Hopkins et al. 2018). Black hole
growth in SIMBA is based on the torque-limited accre-
tion model (Hopkins & Quataert 2011; Angle´s-Alca´zar
et al. 2013, 2015, 2017a) linking the black hole accretion
to properties of the galaxy’s inner gas disk. The AGN
feedback consists of kinetic bipolar outflows, modeled af-
ter observed outflows of AGN, and X-ray feedback input
in the surrounding gas similar to Choi et al. (2012).
Previous work using SIMBA has already discussed the
radial density profiles of quenched galaxies (Appleby
et al. 2019), the weak correlation between galaxy merg-
ers and quenching (Rodr´ıguez Montero et al. 2019), and
the connection between quenching and black hole growth
(Dave´ et al. 2019; Thomas et al. 2019; Habouzit et al.
2020). We compare our results to relevant studies in
§ 6.1.3.
3. OBSERVATIONS
Following Geha et al. (2012), we build our sample of
observed galaxies from SDSS, using the NASA/Sloan
Atlas (NSA; Blanton et al. 2011)4, which includes all
galaxies within z < 0.055 in the SDSS footprint. The
NASA/Sloan Atlas is a re-reduction of SDSS DR8 (Ai-
hara et al. 2011) optimized for nearby low-luminosity ob-
jects (Yan 2011; Yan & Blanton 2012), including an im-
proved background subtraction technique (Blanton et al.
2011) and the addition of near and far UV photometry
from GALEX. The catalog includes emission line fluxes
and equivalent widths for all galaxies. We calculate stel-
lar masses as in Mao et al. (2020), using the Bell et al.
4 https://www.nsatlas.org
(2003) relation to determine mass-to-light ratio from the
g − r color. See Section 5.3 for a more in-depth dis-
cussion on the effects of uncertainty in the stellar mass
measurements on the resultant quiescent fraction.
As in Geha et al. (2012), we consider a low mass
galaxy to be quiescent if it has little-to-no star formation
and is dominated by older stellar populations. For the
first condition, we use the Hα equivalent width (EW),
which traces recent (< 10 Myr) star formation, and re-
quire Hα EW < 2 A˚. To probe galaxy age, we rely on
Dn4000 (Balogh et al. 1999), an index which quantifies
the strength of the 4000 A˚ break in the spectrum and
traces the light-weighted age of the stellar population.
The Dn4000 index is an indirect measure of interme-
diate (∼1 Gyr) star formation (Hamilton 1985; Mous-
takas et al. 2006; Brinchmann et al. 2004). We use
the empirical relation of Geha et al. (2012): Dn4000
> 0.6 + 0.1 log10(M∗/M), to select galaxies with older
stellar populations.
To quantify the environment of each low mass galaxy,
we use dhost, which is defined as the projected distance
to the nearest massive neighbor (M∗ > 2.5 × 1010 M;
MKs < −23; hereafter the host galaxy). We search for
potential host galaxies within 7 Mpc and 1000 km/s of
each low mass galaxy, using the Two Micron All Sky
Survey (2MASS) Extended Source Catalog to ensure we
do not miss any potential host galaxies that lie outside
the SDSS imaging footprint. In the few cases where we
do not identify a host within 7 Mpc, we use dhost= 7
Mpc.
We define galaxies as isolated when dhost > 1.5 Mpc.
This is an empirical choice based on the behavior of the
quiescent fraction as a function of dhost (see Fig. 4 of
Geha et al. (2012) or Figure 5 in this work). The quies-
cent fraction only shows a dependence on environment
for dhost < 1.5 Mpc, and so we consider low mass galax-
ies beyond this threshold to be isolated. Using a less
strict definition (e.g., galaxies are isolated beyond dhost
= 1 Mpc) shifts the quenching threshold to a slightly
lower mass, while a more conservative definition does
not change the observed threshold. For galaxies with
stellar masses above M∗ = 1010 M, we use the central
– satellite designation from the group catalog of Tinker
et al. (2011).
In the left column of Figure 1, we show the distribu-
tion of isolated galaxies observed in the local universe
as a function of Dn4000 and SDSS r magnitude in the
mass range M∗ = 108−10 M. Galaxies in isolation are
only observed to be quiescent above M∗ = 109 M, (Fig-
ure 2).
4. MOCK OBSERVATIONS
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Figure 1. Top row: The distribution of absolute r magnitude (Mr) as a function of Dn4000, from SDSS for observations
and derived from the noise-less synthetic spectra from each simulation (from left to right: TNG, EAGLE, and SIMBA), for
isolated galaxies (based on dhost) in the stellar mass range M∗ = 108−10 M. Galaxies are color-coded as star forming (blue)
or quiescent (orange) based on the noise-free Hα EW and Dn4000. Bottom row: The distribution of apparent r magnitude
(mr) as a function of Dn4000, derived from the noise-added synthetic spectra along a single random sightline through each
simulation box. Galaxies are color-coded as star forming (blue) or quiescent (orange) based on the noise-added Hα EW and
Dn4000. Galaxies below the gray dashed line fall below the SDSS spectroscopic limit and would not be selected for spectroscopic
follow-up in SDSS. As such, they are not included in the calculation of fq along a given sightline.
To create a true apples-to-apples comparison between
the observations and simulations, we must account for
the effects of observational incompleteness, finite signal
to noise, and a lack of precise distance information for
individual galaxies in a wide-field survey.
To that end, we create mock surveys and synthetic
observations of each simulation, adding realistic noise
and observational limits. We use SDSS as our observa-
tional template. We select the mock observational limits
and injected noise to match SDSS. We apply the same
methodology to all the simulations, as described below
for a single simulation box. However, this method can
also be generalized and applied to semi-analytic models
and zoom-in simulations, as well as adapted to match
other surveys and observations.
4.1. Synthetic spectra
We begin by generating synthetic spectra for all galax-
ies in a given simulation using FSPS (Flexible Stel-
lar Population Synthesis; Conroy et al. 2009; Conroy
& Gunn 2010, and the Python interface python-fsps
Foreman-Mackey et al. 2014). Our method is described
in full in Starkenburg et. al (in prep.), but in brief it is
as follows.
For each galaxy, we bin the total stellar mass formed
by formation age (t) and stellar metallicity (Z). We
use a uniform t, Z grid across all the simulations to
standardize the effects of otherwise variable time res-
olution and particle size. Age bin size increases lin-
early as a function of lookback time based on the min-
imum age steps of the underlying SSP models, from
t = 0 to t = 13.75 Gyr. The metallicity grid spans
log10(Z/Z) = −2.2 to 0.5 with ∆Z = 0.3 at low metal-
licity, with bin resolution increasing to ∆Z = 0.1 near
Z = 0. We use a Chabrier (2003) IMF throughout,
and include the AGB dust emission model of Villaume
et al. (2015). To cover the most recent star formation
and avoid resolution effects of stellar particles, we set
the star formation rates younger than 15 Myr equal to
the instantaneous star formation rate from the galaxy’s
gas particles with metallicity equal to the current mass-
weighted metallicity of the star-forming gas.
We generate the spectrum of a simple stellar popula-
tion at each point in the t, Z grid. The sum of the SPS
spectra, weighted by the stellar mass formed, produces
the galaxy spectrum. The nebular emission lines are
calculated independently for each stellar metallicity bin
using the FSPS nebular emission line prescription based
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Figure 2. Dn4000 vs. Hα EW, from SDSS for observations and derived from the noise-added synthetic spectra from each
simulation (from left to right: TNG, EAGLE, and SIMBA), for isolated galaxies (based on dhost) in three stellar mass bins
(from top to bottom: M∗ = 108.5−9.0 M, 109.0−9.5 M, and 109.5−10.0 M). Galaxies are observed as quiescent if they fall
into the orange region of Dn4000-Hα EW parameter space. The Dn4000 limit depends on stellar mass and is equal to the solid
(dashed) vertical line at the low mass (high-mass) end of the bin for each row. For the simulations, galaxies are color-coded by
their instantaneous star formation rates, and galaxies with SFR = 0 M/yr are shown in white.
on a CLOUDY lookup table (Byler et al. 2017), with
the gas metallicity fixed to that of the metallicity bin.
Dust forms a crucial component to consider when
building mock observables and when analyzing obser-
vational data, and different dust models can strongly
affect results and conclusions. However, for lower-mass
galaxies with relatively low gas masses and low metal-
licities, dust is expected to affect results less strongly.
We therefore apply the well-known and often used two-
component dust model from Charlot & Fall (2000),
which consists of a dust screen with a power law dust
attenuation curve with index Γ = −0.7 and a normaliza-
tion of τ(5500A˚) = 0.33. Stars younger than 30 Myr are
additionally attenuated following an identical power-law
attenuation curve with τ(5500A˚) = 1.0. We discuss the
effects of using different dust models in building mock
spectra in Starkenburg et al. (in prep.).
Hahn et al. (in prep.) use approximate Bayesian com-
putation to infer an empirical dust model using the same
set of mock galaxy spectra by fitting SDSS r-band mag-
nitudes, g − r colors, and NUV-FUV colors. We have
tested how results in the present work change when us-
ing the best-fit dust empirical model. While the Hα EW
measurements can be significantly affected by changing
the dust model, Dn4000 is relatively unchanged, as the
index is not strongly sensitive to dust attenuation.
Using the synthetic spectra, we generate SDSS g and r
band magnitudes, as well as Dn4000 and Hα EW for all
galaxies (Figure 1, top row). These quantities are noise-
free and derived from spectra which encompass the total
stellar light of each galaxy.
4.2. Mock surveys
In generating synthetic photometric and spectroscopic
quantities for each simulated galaxy, we are much closer
to observational analogues for each simulation. How-
ever, the distribution of absolute magnitude and Dn4000
shown in the top row of Figure 1 for each simulation are
not directly comparable to the corresponding distribu-
tion in SDSS (upper left), as the simulations are unaf-
fected by observational noise and each sample contains
every galaxy in the simulation volume. To accurately
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match observations, we need to create mock surveys of
each simulation box5.
Our method for creating mock surveys is as follows:
1. Place an “observer” at a random location 10 Mpc
outside the simulation volume. This distance is se-
lected to match the lower distance limit on galaxies
in the NSA catalog from SDSS.
2. Calculate apparent magnitudes, radial velocities,
and projected distances for all galaxies as the ob-
server would see them “on sky”. For each galaxy,
the radial velocity is the sum of the peculiar ve-
locities along the observer’s sightline and the re-
cessional velocities given the distance between the
galaxy and observer.
3. Convolve the synthetic spectra with the SDSS in-
strumental line spread profile (modeled as a Gaus-
sian with σ = 70 km/s) and resample the spectra
to match the SDSS wavelength resolution and cov-
erage.
4. Add realistic spectral noise. The average signal to
noise ratio (SNR) of SDSS spectra is dependent on
galaxy color and apparent magnitude, and is also
a function of wavelength. To reproduce the noise
characteristics of SDSS, we bin galaxies from SDSS
as a function of g − r color and apparent r mag-
nitude. In each bin, we randomly draw 50 spectra
and calculate the average SNR at each wavelength.
In each mock observer’s frame, noise is added to
the synthetic spectra based on galaxy color, appar-
ent magnitude and wavelength by drawing from
a normal distribution σ(λ, g − r, mr) such that
the SNR matches the SDSS model. For simulated
galaxies which fall outside the populated regions
of the SDSS color-magnitude diagram, we select
the closest bin in color-magnitude space.
5. Calculate stellar masses from the g− r colors, fol-
lowing the prescription of Mao et al. (2020). No-
tably, this can result in stellar mass estimates that
appear lower than the resolution limits of the sim-
ulation.
6. Remeasure Dn4000 and Hα EW from the noise-
added and instrumentally-broadened spectra. Fig-
ure 2 shows the distribution of noise-added Dn4000
and Hα EW for the simulations in three stellar
mass bins, as compared to SDSS. We follow the
5 Orchard, our package for creating mock surveys, can be ac-
cessed at https://github.com/IQcollaboratory/orchard
definition of Balogh et al. (1999) for Dn4000 mea-
surements and Yan et al. (2006) for Hα EW mea-
surements.
7. Remove “unobservable” galaxies from the sam-
ple. Spectroscopy was only acquired for galaxies in
SDSS above the limiting magnitudemr = 17.7. To
accurately match SDSS, simulated galaxies which
have apparent magnitudes fainter than 17.7 along
a particular sightline must be removed from the
sample.
In Figure 1, we show effects of adding realistic noise,
velocity resolution, and completeness cuts to isolated,
M∗ < 1010 M galaxies in each of the three simulations.
The upper row shows absolute magnitude (Mr) and
Dn4000 calculated from the noise-free synthetic spectra,
while the bottom row shows Dn4000 measured from the
noise-added spectra and the apparent magnitudes (mr)
as seen by the observer along a random sightline.
The gray region in each panel in the bottom row of
Figure 1 represents the regime in which galaxies are
too faint to be selected for spectroscopic follow up with
SDSS. Of the three simulations, SIMBA produces the
fewest “unobservable” galaxies. This is likely driven by
the fact the SIMBA does not resolve galaxies all the way
down to M∗ = 108 M, leading to fewer faint galaxies
which are then preferentially removed from the observed
sample (see Section 5.2 for a more detailed discussion on
the effects of resolution in each simulation). TNG has
the faintest population of quiescent galaxies in absolute
magnitude (at least in part because it extends to the
lowest stellar masses) and correspondingly fewer quies-
cent galaxies from this simulation are observable with
an SDSS-like survey.
In Figure 2, we show the distribution of Dn4000 and
Hα EW in three stellar mass bins for the observations
and for the simulations as measured from the noise-
added spectra. We color-code the simulations by in-
stantaneous SFR, highlighting the need for synthetic
observations to select the analogous quiescent popula-
tion from simulations. As shown in Geha et al. (2012),
no quiescent galaxies are observed in the SDSS volume
below M∗ = 109 M.
4.3. Isolation criteria
As in the observations, we select galaxies as isolated
based on dhost, the projected distance between each sim-
ulated galaxy and its most nearby massive neighbor. As
in the observations, for each galaxy we identify poten-
tial hosts (galaxies with (M∗ > 2.5× 1010 M), within
7 Mpc in projected distance and 1000 km/s in radial
velocity). For galaxies with M∗ > 2.5 × 1010 M, we
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Figure 3. The purity (the fraction of galaxies selected as
isolated by the dhost criterion which are centrals, solid lines)
and completeness (the fraction of the population of centrals
which appear as isolated when using dhost, dashed lines) of
the dhost isolation criteria compared to the central/satellite
classification from the simulations themselves. Shaded re-
gions represent the one-sigma variation across 10 randomly
oriented sightlines. Using the dhost criterion selects a sample
of galaxies that is relatively pure (> 85 % of isolated galaxies
are centrals) but somewhat incomplete (only 55 − 70 % of
centrals are selected as isolated). We use the true simulation-
based stellar masses in this figure to provide maximum clar-
ity on the purity and completeness of the dhost criterion.
also require potential hosts to be more massive than the
galaxy. Galaxies which have no potential hosts within
1.5 Mpc (dhost > 1.5 Mpc) are considered to be isolated.
In Figure 3 we compare our isolation criteria to
the central/satellite classification from the simulations
themselves. For all three simulation that classification is
based on a halo finder algorithm that uses the underly-
ing dark matter structure (not available in observations
nor in our mock observations). The specific algorithm
varies between EAGLE/TNG, and SIMBA. To define
halos, both EAGLE and TNG use SUBFIND (Springel
et al. 2001a) to find overdense, gravitationally bound,
(sub)structures within a larger connected structure that
is found through a friends-of-friends (FOF; Davis et al.
1985) group-size halo finder. In SIMBA,galaxies are
identified as FOF groups of stars and star forming gas
with spatial linking length of 0.0056 times the mean
interparticle spacing, while halos are identified as FOF
groups with linking length of 0.2 times the mean inter-
particle spacing. Galaxies and haloes are cross-matched
in post-processing using the yt-based package CAESAR.
For all three simulations the most massive subhalo
(TNG and EAGLE) or galaxy (SIMBA) in a larger
group halo is then classified as the central galaxy, while
all other subhalos are classified as satellites.
For each simulation, we show the purity (the frac-
tion of galaxies selected as isolated by the dhost crite-
rion which are centrals, solid lines) and completeness
(the fraction of the population of centrals which appear
as isolated when using dhost, dashed lines) as a func-
tion of mass. For all simulations, purity declines with
decreasing stellar mass, though all samples remain rela-
tively pure even at low stellar mass. At M∗ = 109 M,
a sample of isolated galaxies selected with dhost will be
∼ 85 % centrals (∼ 15 % of the “observed” isolated sam-
ple of galaxies are actually satellites as defined by the
halo finder).
Completeness is not strongly dependent on stellar
mass below M∗ = 1010 M, but decreases above this
threshold. Completeness varies more between simula-
tions, possibly due in part to the use of different halo
finders. At M∗ = 109 M, 55 − 70 % of the centrals
selected by the halo finder will be observed as isolated,
reflecting the more restrictive nature of the dhost cri-
terion. Recreating the observational selection criteria
for isolation is a critical step in comparing between the
population of isolated, quiescent galaxies selected from
observations and those generated in simulations (see also
Figure 6 and the discussion at the end of Section 5.1).
4.4. Quenching criteria
As in the observations, simulated galaxies are con-
sidered to be quiescent if Hα EW < 2 A˚ and Dn4000
> 0.6+ 0.1 log10(M∗/M) (orange shaded region in Fig-
ure 2). Because Dn4000 probes luminosity-weighted
stellar age of a galaxy, it is difficult to make a corre-
sponding selection in SFR space, as highlighted by the
color-coding of galaxies in Figure 2.
The star forming and quiescent contours shown in Fig-
ure 1 can overlap because the Dn4000 criterion is mass-
dependent for each galaxy. Measuring Dn4000 from the
realistically-noisy synthetic spectra is crucial to accu-
rately match the sample selection from observations.
4.5. Volume correction
To calculate the quiescent fraction fq, we weight each
galaxy by the inverse of the total survey volume over
which it could be observed given the SDSS spectroscopic
magnitude limit (1/Vmax).
The quiescent fraction of isolated galaxies is then
fq =
Nq∑
i=1
1/Vmax,i
Nq+NSF∑
i=1
1/Vmax,i
, (1)
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Figure 4. The median quiescent fractions of isolated galaxies as a function of stellar mass for SDSS (black circles), Illustris-TNG
(green squares), EAGLE (blue diamonds), and SIMBA (purple triangles). The quiescent fractions for the simulations are the
medians of 25 randomly placed sightlines around each simulation box. Shaded regions represent the combination of binomial
uncertainty on the quiescent fraction and the variance across sightlines for each simulation. Errorbars on the SDSS quiescent
fraction are adapted from Geha et al. (2012). Inset: The same data shown in log-scale. Black arrows represent one-sigma
upper limits for the SDSS data in bins where the number of isolated, quiescent galaxies is zero, and the number of isolated,
quiescent galaxies (Nq) in the lowest mass bin is indicated for each simulation.
where Nq and NSF are the number of quiescent and
star forming galaxies in isolation in each mass bin, re-
spectively.
5. THE QUIESCENT FRACTION OF ISOLATED
GALAXIES
In Section 5.1, we compare the quiescent fraction
of isolated galaxies from each simulation to observa-
tions from SDSS. In Section 5.2, Section 5.3 and Sec-
tion 5.4 we discuss the effects of simulation resolution,
observationally-biased stellar mass, and finite aperture
on the quiescent fraction, respectively.
5.1. Comparing between simulations and observations
In Figure 4, we show the median isolated quiescent
fractions for each simulation from 25 randomly placed
sightlines (blue, green and purple points, dashed lines),
as compared to SDSS (black circles, solid line).
At intermediate stellar masses (M∗ = 109.5−10.5 M),
the simulations all show the quiescent fraction decreas-
ing with decreasing stellar mass, qualitatively repro-
ducing the isolated quenching threshold seen in SDSS
(Geha et al. 2012). In observations, this is thought to
be driven by the waning efficiency of internal feedback
mechanisms. The threshold for TNG galaxies appears
to be at a higher stellar mass than is seen in obser-
vations, while EAGLE’s quiescent fraction appears to
depend less strongly on stellar mass in this regime.
Unlike the observations, all three simulations have
non-zero quiescent fractions below M = 109 M∗ (Fig-
ure 4, inset). For both SIMBA and TNG the quiescent
fraction, though non-zero, remains small, with fq ∼ 0.01
at M = 109 M∗. Overproduction of quiescent galaxies
in EAGLE is more pronounced.
We examine the distribution of quiescent galaxies as
a function of environment in two mass bins just above
and below the observed quenching threshold for isolated
galaxies (108.5−9.0 and 109.5−10.0 M∗) in Figure 5. At
intermediate stellar masses (upper panel), EAGLE and
SIMBA are a good qualitative match to observations,
with low quiescent fractions for isolated galaxies and
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Figure 5. The quiescent fraction of galaxies as function of
dhost in two mass bins. The upper panel shows the observed
distribution of galaxies with M∗ = 109.5−10.0 M, and the
lower panel shows M∗ = 108.5−9.0 M. The gray region indi-
cates dhost< 1.5 Mpc, corresponding to non-isolated galaxies.
no environmental dependence in the isolated regime.
TNG lies below the SDSS observations, with an aver-
age fq ∼ 0.05 beyond dhost = 1.5 Mpc. At lower stellar
masses (lower panel), EAGLE’s over-production of qui-
escent galaxies in all environments is more pronounced,
while SIMBA and TNG are in better agreement, with
a near absence of quiescent galaxies beyond dhost = 1.5
Mpc.
In general, the rapid increase of fq at dhost < 1.5 Mpc
is in qualitative agreement with observations. However,
it is notable that all three simulations also overproduce
low mass, non-isolated quiescent galaxies, at a many
sigma tension given the derived errors. Feedback models
for satellite galaxies are often tuned to reproduce galax-
ies in the Local Group. The SAGA Survey (Mao et al.
2020) recently showed that the Local Group satellites
may be over-quenched relative to those around more
typical MW-mass galaxies, which may be driving this
tension.
In Figure 6, we show how the observed isolated quies-
cent fraction changes with different definitions of “isola-
tion”. For each simulation, we compare fq derived using
Figure 6. The effects of using a halo finder (filled-color)
vs dhost (open-face) to select isolated galaxies on the resul-
tant quiescent fractions in TNG (top), EAGLE (middle), and
SIMBA (lower panel). In all three simulations, using the halo
finder leads to higher quiescent fractions when compared to
dhost, driven by the criterion’s more restrictive nature.
dhost and fq from each simulation’s halo finder. In each
case, the halo finder produces a larger quiescent frac-
tion (with the exception of M∗ > 1010.5 M in TNG
and EAGLE). This effect varies as a function of stellar
mass (as well as halo finder used), and highlights the dif-
ferences between selecting a sample of central galaxies
versus isolated galaxies.
5.2. Resolution effects
All three cosmological simulations used in this work
have multiple runs at varying resolutions. SIMBA and
EAGLE both have smaller boxes with higher resolution
and we use these boxes to test our results specifically
with respect to resolution. While we do not use the
higher resolution version of TNG (TNG50) we note that
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Figure 7. The effects of resolution on the isolated quiescent
fraction in EAGLE (upper panel) and SIMBA (lower panel).
In both panels, dashed lines show the fiducial quiescent frac-
tions from the large volume, while dotted or dot-dashed lines
show the quiescent fractions measured from the higher reso-
lution (25 Mpc)3 volumes. The gray shaded regions represent
the maximum variation due to cosmic variance when consid-
ering (30 Mpc)3 sub-volumes from each large volume simula-
tion. In the upper panel, data from the two high resolution
simulations are offset horizontally so that the errorbars may
be distinguished.
the effect of resolution on the colors and color bimodal-
ity of galaxies is described in Nelson et al. (2018). They
argue that the main effect of resolution on galaxy colors
is in using purely the stellar particles to derive a star
formation history. While we avoid this effect by includ-
ing instantaneous SFR in the SFHs used to generate
our spectra (to reflect the most recent star formation),
future work should address explicitly the resolution con-
vergence properties of TNG for the quiescent fractions
of low mass galaxies.
In Figure 7 we show the quiescent fraction as a func-
tion of stellar mass for the SIMBA and EAGLE higher
resolution boxes (light colors, dot and dot-dashed lines)
and compare those to the default box and resolution
from Figure 4 (dark colors, dashed lines). Because the
high-resolution boxes are much smaller in volume, we
determine the effect from cosmic variance on the qui-
escent fraction. To do so, we recompute the quiescent
fraction for subboxes of 30Mpc on a side from our de-
fault simulation boxes and show the full range of recov-
ered quiescent fractions with the grey shaded regions in
each panel. Due to the smaller total number of galaxies,
we also use wider mass bins to calculate the quiescent
fraction.
For the EAGLE simulations we specifically compare
to two boxes of 25Mpc on a side, run using the “Ref-
erence” (REF) version of the code (identical to the
100Mpc box), and using the “Recal” version of the
code which is re-calibrated at this higher resolution of
mDM = 1.21 × 106 M and mgas = 2.26 × 105 M to
counterbalance resolution effects on the subgrid physics
(see Schaye et al. 2015; Schaller et al. 2015, for a com-
plete argument and description of the re-calibration, and
a comparison of the different versions).
The quiescent fraction of the REF high-resolution box
is slightly suppressed compared to that for the large
box, falling below what can be explained by cosmic vari-
ance alone (gray shading) for the lowest masses. The
re-calibrated high-resolution box (RECAL) are further
suppressed relative to both the fiducial and REF boxes,
and this effect is most extreme at the lowest stellar
masses. Schaye et al. (2015) argue that re-calibrating at
different resolutions is most appropriate, as (un)physical
effects of resolution may be hard to trace. Of the
three EAGLE runs examined here, the RECAL box
produces the fewest number of quiescent galaxies be-
low M∗ = 109 M, and even agrees with a quiescent
fraction of fq = 0 within the uncertainties for three
of the four stellar mass bins. The recalibrated high-
resolution EAGLE box is therefore in closest agreement
with the observations, though fq does not show the same
strong dependence on stellar mass in the mass range
M∗ = 109−10 M that is observed in SDSS. Additionally,
both high resolution boxes still show an overabundance
of low mass quiescent galaxies in isolation.
For SIMBA the quiescent fraction of low mass galax-
ies increases slightly at higher resolution, which is run
with identical physics to the larger-scale box. We find
that the high-resolution box agrees with the fiducial run,
with a quiescent fraction that is slightly elevated rela-
tive to the fiducial run at M∗ = 108.5−9.0 M. Improved
resolution allows for the measurement of the quiescent
fraction down to slightly lower stellar masses, which we
find to be fq ∼ 0.06. This is still in tension with SDSS,
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where no quiescent galaxies are observed in isolation be-
low M∗ = 109 M.
We highlight that the effects of resolution, as exempli-
fied by these case studies, are not uniform across simula-
tions and can increase or decrease the quiescent galaxy
fraction.
5.3. Stellar mass
In earlier work, Munshi et al. (2013) found that the
stellar masses measured for simulated galaxies with a
combination of synthetic Petrosian magnitudes and Bell
& de Jong (2001) mass to light (M/L) ratios underesti-
mate the true stellar mass by about 50%. This underes-
timate varied only slightly as a function of mass. Simi-
larly, Leja et al. (2019) have shown that stellar masses
inferred from SED modelling with non-parametric SFHs
are roughly ∼ 0.2 dex larger than those obtained under
the assumption of an exponentially declining SFH.
We confirm the approximate magnitude of this effect
using the g−r color-based approximation for stellar mass
from Mao et al. (2020), which produces stellar masses
that underestimate the true stellar masses by ∼ 0.3 dex.
In addition to shifting the quenching threshold to lower
stellar masses, accounting for systemic error in the mea-
surement of stellar mass leads to a softening of the slope
of the quiescent fraction.
5.4. Aperture effects
Our fiducial mock galaxy spectra are based on galaxy
properties and star formation histories calculated using
all the star and gas elements considered to be part of
a simulated galaxy’s subhalo. In comparison, observa-
tions of galaxies in SDSS are aperture-limited. There
are two SDSS apertures that are important for our re-
sults: the photometric aperture and the spectroscopic
fiber aperture. The first roughly correspond to with
what is considered the size of a galaxy and is relevant
for the stellar masses used in this work, and the second
for the Dn4000 and Hα EW measurements.
With respect to “galaxy size”-aperture effects: previ-
ous work using the EAGLE and TNG simulations have
found that these aperture effects are significant for high-
mass (M∗ & 1011 M) galaxies but negligible for lower
mass galaxies (Schaye et al. 2015; Donnari et al. 2020a),
and we reach similar conclusions when comparing stellar
masses in the full subhalo and within a 30 kpc aperture
for TNG. Therefore, we conclude that aperture effects
are likely insignificant for stellar masses, in particular
when compared to other uncertainties as discussed in
the previous section.
The aperture of the SDSS spectroscopic fiber typi-
cally covers a few kpc in the central region of a galaxy.
This means that aperture effects again, are crucial to
take into account at higher masses, but can be small
for low mass galaxies as there the SDSS fiber aperture
may cover a significant fraction of the galaxy. We have
checked the differences in Dn4000 and Hα EW when
only considering the central r < 2 kpc region of each
galaxy. While Hα EW is more variable as a function of
aperture (driven by changes in the amount of continuum
contained within the aperture), galaxies do not signifi-
cantly shift in or out of the quiescent region (which is
based on both Hα EW and Dn4000). In particular, we
find only small differences in the quiescent fractions for
low mass galaxies, which shift upwards by ∼ 10%.
For some observed galaxies the SDSS fiber may have
been centered on an off-center bright (star-forming) re-
gion. With smaller (lower-mass) galaxies this possibility
diminishes purely due to the fact that more of the to-
tal galaxy fits within the fiber aperture. Moreover, this
is more likely to happen in actively star-forming galax-
ies, and as we purely use the spectral indices to classify
galaxies as star-forming or quiescent, off-center fiber po-
sitioning is unlikely to affect our results.
6. QUENCHING MECHANISMS IN SIMULATIONS
6.1. Comparison to previous work
Our work is not the first to compare populations
of quiescent galaxies from simulations to observations,
though we are the first to compare three large volume
simulations to observations in a fully consistent manner.
Here, we review past studies evaluating the quiescent
populations of each simulation.
6.1.1. EAGLE
The quiescent fraction of galaxies in the EAGLE sim-
ulations have been discussed in a multitude of papers,
using a variety of galaxy subsamples, and of definitions
and tracers of the quiescent fraction. Schaye et al.
(2015) find that the passive fraction for all galaxies
defined based on specific star formation rates (sSFR;
SFR/M?) is in reasonably good agreement with results
from GAMA (Bauer et al. 2013) and SDSS (Mous-
takas et al. 2013), although these observational results
use slightly different criteria. The threshold where
the galaxy population goes from predominantly blue
and star-forming to predominantly red and quiescent is
found to be at slightly higher stellar mass in EAGLE
than for observed low-redshift datasets (Schaye et al.
2015; Trayford et al. 2015). Furlong et al. (2015); Tray-
ford et al. (2015, 2017) show that the apparent larger
quiescent fraction at the low mass end is largely due
to resolution effects as low mass low-SFR galaxies have
very few star-forming gas particles, and show that the re-
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calibrated higher resolution box (Recal-25) agrees with
observations.
We agree with their results that the recalibrated high-
resolution box improves the quiescent fraction compared
to the observations (see Figure 7 and Section 5.2). Nev-
ertheless, we still find that EAGLE produces a higher
quiescent fraction for low mass galaxies than is observed
in SDSS. It is noteworthy that EAGLE has a particu-
larly high fraction of low mass galaxies that are classified
as quiescent but do have current star formation at very
low rates. This gives credence to the possibility that
the SFR of these galaxies is poorly resolved and that
these galaxies are misclassified as quiescent. However,
our quiescent definition requires both low Hα and high
Dn4000. While the Hα can be affected by these reso-
lution effects, the Dn4000 is based on the stellar con-
tinuum, and probes a longer timescale. Our quiescent
fraction may therefore be less dependent on resolution
than for a purely Hα-based definition.
At higher masses the quiescent fraction we find for
EAGLE seem particularly low compared to earlier work
based on SFR or sSFR. However, Trayford et al. (2017)
show the similar results for Dn4000-defined quiescent
fractions, and in addition show that dust can affect the
discrepancy: when including dust the passive fraction
in EAGLE based on a cut of Dn4000 > 1.8 is 35% re-
duced compared to results from SDSS for galaxies in the
mass range 1010 M < M∗ < 1011 M, while without
including dust this discrepancy increases to 70% (Tray-
ford et al. 2017). These discrepancies are larger than
what we find in this work and may be because our stellar
mass-dependent Dn4000-based definition of quiescence,
which is identical to the one used for the SDSS sample,
reaches a lower value at similar masses.
6.1.2. Illustris-TNG
Donnari et al. (2020a) and Donnari et al. (2020b)
provide an in-depth exploration of the quenched galaxy
fraction in TNG, exploring the effects of aperture,
quenching definition, SFR timescale, environmental mis-
identification, and incompleteness on the quenched frac-
tion. While they focus on galaxies with M∗ > 109 M
and use SFR or SFS-based definitions of quiescence, we
nonetheless find their fiducial quiescent fraction to be in
excellent qualitative agreement with our results, specif-
ically the existence of a quenching threshold just above
M∗ = 1010 M, a small population of isolated (central)
galaxies which are quiescent below M∗ = 109.5 M, and
a rapid increase in the number of quiescent galaxies
from M∗ = 1010−11 M.
Donnari et al. (2019) describe the galaxy star forming
sequence and the quenched fraction using different defi-
nitions and tracers for TNG100. They find that both a
UVJ-selected quenched fraction and a distance from the
star forming sequence-selected quenched fraction agrees
reasonably well with observations, although they use a
different UVJ selection for TNG than for the observa-
tions they compare to (from Muzzin et al. 2013).
In a by eye comparison, our TNG quiescent fractions
(defined based on Dn4000 and Hα) are overall lower
than the UVJ-and-SFS-based quenched fraction from
Donnari et al. (2019), in particular at the lower-mass
end. A similar difference can be found between the
UVJ-selected (Muzzin et al. 2013) and Dn4000 and Hα-
selected (Geha et al. 2012) observed quiescent fractions
at M? < 10
10 M. As it is unlikely that low mass star-
forming galaxies move into the UVJ selection region due
to dust, this suggests that the these low mass systems
are predominantly red, but still exhibit some low (rel-
atively recent) star formation which can be traced by
their Dn4000 and/or HαEW.
6.1.3. SIMBA
Dave´ et al. (2019) have compared the specific star for-
mation rates of SIMBA galaxies to observations from the
GALEX-SDSS-WISE Legacy Catalog (Salim et al. 2016,
2018) and found good agreement, which is also consis-
tent with our findings of very good agreement between
the quiescent fraction from SIMBA and that observed
in SDSS.
Dave´ et al. (2019) also suggest that the few low mass
quiescent galaxies are in fact satellites misclassified by
the FOF-based halo finder. Additionally Christiansen
et al. (2019); Borrow et al. (2020) show that jet feed-
back from AGN in SIMBA can influence large regions
around the AGN host galaxy and can entrain gas and
influence gas in nearby galaxies. The SIMBA 100 Mpc
box contains a massive cluster (M∗ ∼ 1015 M) and
the high-resolution 25 Mpc box also has an anomalously
large central halo. However, we confirm that in both
boxes, the majority of the quiescent galaxies we select
are at least 2 Mpc away from the cluster or most mas-
sive halo center, and most are more than 5 Mpc away.
Our results suggest that there may be additional effects
driving the non-zero quiescent fraction at low mass (see
Figure 5, lower panel).
Low mass, quiescent galaxies in SIMBA are also found
to be over-sized compared to their star forming counter-
parts (Dave´ et al. 2019). However, this should lead to
a higher fraction of quiescent galaxies removed from the
survey due to the SDSS surface brightness limits. Fixing
this issue would therefore only increase the population
of low mass, quiescent galaxies in SIMBA.
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6.2. Quenching mechanisms of low mass, isolated
galaxies in simulations
Given the observed over-abundance of quiescent
galaxies at low mass in the simulations, we consider
what feedback mechanisms might drive quenching in
these systems.
Black holes: some of the low mass galaxies in our
sample will contain black holes (almost all galaxies
above M∗ = 109 M in TNG and EAGLE, and above
M∗ = 109.5 M in SIMBA). Feedback from central
supermassive black holes is often thought to be able
to quench galaxies, and possible important in keeping
galaxies quiescent (e.g., Somerville & Dave´ 2015, re-
cent discussions include Chen et al. 2020; Terrazas et al.
2016, 2020). However, in the models the black hole feed-
back often becomes effective only at certain black hole
masses (McAlpine et al. 2017; Bower et al. 2017; Wein-
berger et al. 2018; Thomas et al. 2019; Terrazas et al.
2020; Habouzit et al. 2020), which are not reached in low
mass galaxies. Moreover, not all of the low mass galax-
ies in these simulations will host black holes (especially
at M∗ < 109 M), so while black hole feedback could
play some role, it is unlikely to the exclusive driver the
quenching of the lowest mass galaxies in each simulation.
Star formation feedback: Feedback from star for-
mation is generally thought to reduce the efficiency of
galaxy formation at the lower mass end (Somerville &
Dave´ 2015; Schaller et al. 2015; Schaye et al. 2015;
Pillepich et al. 2018b; Dave´ et al. 2019). Outflows from
star formation feedback can temporarily expel large
amounts of gas and decrease the gas density of galaxies.
This is commonly seen in higher resolution simulations
of lower mass galaxies (halo masses . 1010 M Wright
et al. 2019; Wheeler et al. 2015, 2019; Rey et al. 2020).
These effects may result in temporary quiescence, but it
is unclear if supernovae are capable of removing enough
gas to fully quench galaxies at M∗ ∼ 109 M. Temporar-
ily quiescent low mass galaxies may however, compose
part of our quiescent low mass galaxy samples. In large-
scale simulations used in this work, the effectiveness of
stellar feedback is likely also affected by resolution at
the lowest mass end, and the effects of feedback and
resolution may be hard to disentangle.
Splashbacks: galaxies moving through larger halos
can have their gas stripped away, reducing star forma-
tion. Splashback galaxies can be found up to ∼ 3Rvir
(see e.g., Diemer 2020) from their true host galaxy, mak-
ing misidentification possible. However, our dhost iso-
lation criterion is more restrictive than the halo finders
(see Figure 6), making it unlikely that more than a small
fraction of the isolated quenched galaxies observed in
each simulation are splashbacks.
Outflows from nearby massive galaxies: Borrow
et al. 2020 and Wright et al. 2019 show that the gas of
low mass galaxies (both satellites and low mass centrals)
can be stripped or entrained by jets and AGN outflows
from more massive halos. While many of the observed
isolated galaxies lie many virial radii from any massive
halos, this gas removal effect could contribute to the
elevated quenched fractions seen in the simulations.
7. STAR FORMATION HISTORIES OF
QUIESCENT GALAXIES
By forward modelling simulated galaxies into obser-
vational space, we gain the ability to look back at the
“true” properties of observationally-selected galaxies.
One of the most informative properties of a galaxy is
its star formation history. For each simulated galaxy,
we are able to compare the observed properties back
to the biases inherent in the recovery of star formation
histories from real data.
In Figure 8 (upper row), we show the median star
formation histories of low mass (M∗ = 109.0−9.5 M)
isolated galaxies observed as star-forming (blue dashed
lines) and quiescent (orange solid lines) at z = 0 in each
simulation. The shape of the median star formation his-
tories in each simulation varies significantly. Low mass
star forming galaxies in SIMBA show late-time rising
star formation histories, while the same galaxies in TNG
have approximately flat star formation histories, both in
clear contrast with their quiescent counterparts.
In EAGLE, the star formation histories are declining
at late times for both the star forming and quiescent
populations, and in fact a significant fraction of the low
mass quiescent galaxies appear to be forming stars at
very low rates at late times. This may be connected
to the relatively low scatter in the EAGLE galaxy star-
forming sequence (see Hahn et al. 2019) and in the EA-
GLE star formation histories (Iyer et al. 2020). In par-
ticular, the declining and low star formation rates for
EAGLE’s low mass galaxies may be connected to the
relatively high quiescent fraction that we find using the
Dn4000 and Hα EW selection. Figure 2 illustrates that
of the three simulations in our sample, EAGLE has a no-
tably large fraction of low mass, low-SFR galaxies that
are borderline star-forming when considering their spe-
cific star formation rates, but have such low SFR that
they are classified as quiescent when using the Dn4000
and Hα EW measurements.
In the bottom row of Figure 8 we show the me-
dian cumulative stellar mass as a function of lookback
time for the same star forming and quiescent samples.
The vertical dot-dashed lines show the average time
at which quiescent and star-forming galaxies formed
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Figure 8. Top row: The median star formation histories of low mass (M∗ = 109.0−9.5 M), isolated galaxies in each simulation,
split into star forming (blue, dashed) and quiescent (orange, solid), using the Dn4000-Hα EW criteria at z = 0. Shaded regions
encompass the 20-80th percentile of each distribution.
Bottom row: The median cumulative stellar mass as a function of lookback time for the star forming and quiescent samples of
isolated galaxies at low mass in each simulation. Vertical dot-dashed lines show the average time at which 90% of a galaxy’s
stellar mass had formed (τ90). Though the star formation histories of quiescent galaxies vary across the three simulations, the
average quenching timescales derived for the three populations are effectively identical (τ90 ∼ 5 Gyr).
90% of their stellar mass (Skillman et al. 2017; Weisz
et al. 2015). Despite the apparent variation in the late
time star formation histories of the quiescent popula-
tions observed in each simulation, τ90 is nearly identi-
cal: τ90,TNG = 4.9 ± 1.6 Gyr, τ90,EAGLE = 4.9 ± 1.4
Gyr, and τ90,SIMBA = 4.6± 2.0 Gyr. The measurement
of τ90 ∼ 5 Gyr for low mass quiescent galaxies in isola-
tion is a testable prediction for the observational sample
and should provide insight into the timescale of feedback
mechanisms which drive quenching in low mass galaxies.
Of the galaxies observed as quiescent, a subset in each
simulation have non-zero instantaneous star formation
rates at z = 0 (approximately 50% of low mass galaxies
in TNG and EAGLE, and 20% in SIMBA). The empir-
ical definition of quiescence used throughout this work
(based on Dn4000 and Hα EW) selects galaxies with
a range of evolutionary histories and z = 0 properties.
We find that the SFR=0 galaxies do not separate out
cleanly in Dn4000 - Hα EW space (highlighted in Fig-
ure 2). In order to select a totally quiescent sample of
galaxies, additional probes of SFR would be required.
Characterizing exactly how much ongoing star forma-
tion a galaxy can experience while still being selected
by a given definition of quiescence will help inform the
selection of appropriate quenching criteria (e.g., UVJ vs
SFR vs Dn4000) going forward.
In future work, we will constrain the average quench-
ing time for observed quiescent galaxies in isolation via
SED fitting, and apply the same process to the synthetic
spectra. Applying the same SED fitting methods to the
synthetic data is critical, as the observed differences in
the late time star formation history may only be recov-
erable above a certain threshold of data quality (e.g.,
spectrum SNR, photometric wavelength coverage).
8. CONCLUSIONS
In this paper, we have produced mock SDSS-like sur-
veys from three large volume hydrodynamic simulations
(Illustris-TNG, EAGLE, and SIMBA) from which we
measured the quiescent fraction of isolated galaxies and
compared back to extant constraints from the local uni-
verse (Geha et al. 2012). We find that:
1. The three simulations examined in this work,
when transformed into observational space using
an identical methodology, produce three different
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dependencies of the quiescent fraction on stellar
mass. Above M∗ = 109.5 M, all three simula-
tions qualitatively reproduce the declining quies-
cent fraction with decreasing stellar mass observed
in SDSS.
2. All three simulations have non-zero quiescent frac-
tions below M∗ = 109.0 M, in contrast to obser-
vations of the SDSS volume. This suggests that
current models of feedback in the low stellar mass
regime are too efficient.
3. Our empirical definition of quiescence selects low
mass galaxies with a range of star formation
histories when viewed over longer (many Gyr)
timescales. However, these populations all show
similar quenching timescales (τ90 ∼ 5 Gyr), which
can be compared back to observations. Under-
standing how sensitive a particular definition of
quenching is to formation history can inform fu-
ture population studies.
4. Measuring the quiescent fraction in a higher res-
olution box does not fully resolve the overabun-
dance of quiescent galaxies below M∗ = 109.0 M.
In fact, improved resolution can lead to either a
significant decrease or slight increase in the mea-
sured quiescent fraction, depending on the simu-
lation. While the low mass quiescent fraction is
not converged in the large-scale simulations, the
discrepancy with observations persists at higher
resolutions.
The low mass quenching threshold of isolated galax-
ies represents an observational boundary condition; a
stellar mass regime where internal feedback mechanisms
become ineffective. Observations of the isolated galaxy
quiescent fraction provide a unique probe into the del-
icate balance of internal feedback mechanisms in low
mass galaxies. Understanding how well or poorly mod-
ern simulations of galaxy evolution can reproduce this
feature is a novel test of feedback prescriptions, but re-
quires the creation of mock observations and surveys to
enable appropriate comparisons between the observed
universe and simulations.
Our method for producing mock surveys from large
volume hydrodynamic simulations can also be applied
to zoom-in simulations and semi-analytic models, and
adapted to match other surveys and observations. Fu-
ture work will explore the star formation histories recov-
ered from synthetic observations as compared to those
derived from observations, as well as the observed gas
properties of simulated galaxies.
The constraining power of the observations we com-
pare to are set by the size of the SDSS volume and the
limiting magnitude and surface brightness of the sur-
vey. Future wide-field surveys such as the Vera Rubin
Observatory’s Large Synoptic Survey Telescope (LSST;
Ivezic´ et al. 2019) and the Dark Energy Survey Instru-
ment (DESI; DESI Collaboration et al. 2016) have the
potential to substantially improve our census of the local
universe, providing new constraints on the population of
low mass, quiescent galaxies in the field.
Making direct comparisons between observations and
simulations requires the careful translation from the sim-
ulation to observational frame (or vice versa). In doing
so, we gain novel insights into the ways that feedback
shapes the evolution of galaxies.
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